Tuned liquid column damper (TLCD) has been used extensively to improve the seismic behavior of structures, and different methods have been proposed for optimal design of TLCDs on linear structures. For improving the effectiveness of TLCDs, multiple tuned liquid column dampers (MTLCDs) have been proposed, and each TLCD has different dynamic parameters. In this paper designing optimal MTLCDs and assessment of its effectiveness in mitigating the response of structures under earthquake excitations have been studied. The parameters of TLCDs have been determined based on minimizing the maximum displacement of structure through solving an optimization problem. Genetic algorithm (GA) has been used for solving the optimization problem. For illustration, the method has been used for designing optimal MTLCDs for a ten-storey linear shear frame subjected to a white noise excitation. According to the results of numerical simulations it could be said that the proposed method for designing optimal MTLCDs has been effective regarding the simplicity and convergence behavior of the method. Based on designing MTLCDs for different values of MTLCDs total mass ratio, it has been concluded that MTLCDs total mass affects significantly the performance of MTMDs where its increasing has led to improve MTLCDs performance. Also, testing the optimal MTLCDs structure under different testing excitations has shown that the performance of MTLCDs depends on the characteristics of earthquakes.
Introduction
During past decades different structural control systems including passive, active, semiactive, and hybrid control mechanisms have been proposed to protect the structures under environmental loads such as wind and earthquake loads [1] . Extensive researches have been conducted theoretically and experimentally to study the efficiency of the proposed control systems whose results show that each of control systems has its individual benefits and limitations regarding the practical and economical issues. In the passive control systems area, it has been found that these kinds of mechanisms are simple and attractive in practical applications. Hence, different mechanisms such as mass damper [2] , multiple tuned mass dampers [3] [4] [5] viscoelastic dampers [6, 7] , tuned liquid dampers, and tuned liquid column dampers [8] have been proposed in this area. The efficiency of single TLCD in improving the response of structures under wind and earthquake loads has been studied in some researches. Sakai et al. [8] proposed tuned liquid column damper to mitigate excessive vibrations as a passive control system. It is basically a U-tube container with an orifice opening in the middle. The TLCD dissipates the structural vibration energy by the combined action involving the movement of the liquid mass in the container, the restoring force due to gravity on the liquid, and the damping effect due to the orifices as shown in Figure 1 . Other researches have studied the performance and design of TLCDs such as optimizing TLCD parameters in controlling structural vibrations including different cross-sectional area in its vertical and horizontal sections [9, 10] , studying LCVA control performance and effectiveness where the LCVA allows the column crosssection to be nonuniform, research on the effectiveness of the TLCD in reducing the along-wind response of tall buildings with different mass-stiffness distributions [11, 12] , and finding optimum absorber parameters for tuned liquid column damper under wind and earthquake loads [13] .
Results of previous researches show that though application of single TLCD could be effective in improving the response of structure under external excitations, it has some limitations such as sensitivity problem to detuning the TLCD frequency, TLCD damping ratio and uncertainty in dynamic properties of main structure and need to heavy mass and large space in installation to tall buildings.
Multiple tuned liquid column dampers (MTLCDs) have been proposed to compensate the limitations of single TLCD [14] where each TLCD has different dynamic characteristics.
In the previous researches, the effectiveness of MTLCDs in reducing the response of linear structures subjected to various external excitations has been studied. Samali et al. [14] studied the performance of MTLCDs in mitigating the vibration of structures under earthquake excitations and concluded that the sensitivity of MTLCDs to uncertainty of structural dynamic parameters is less than a single TLCD. In other researches the effect of different parameters of TLCds such as frequency variation, frequency domain, central frequency, head loss coefficient, and the number of TLCDs on MTLCDs effectiveness has been evaluated [15, 16] . The results of researches have shown that the TLCDs frequency domain and head loss affect the efficiency of MTLCDs, effectively. Also in the study conducted by Shum and Xu [17] the capability of MTLCDs system in reducing coupled lateral and torsional vibration of structures has been shown. In most of the previous researches on designing MTLCDs the design procedure has some simplifier assumption on TLCDs parameters. In this paper, following the method proposed by Mohebbi et al. [18] for optimal design of multiple tuned mass dampers (MTMDs) on multidegree of freedom (MDOF) structures, an effective method based on optimization procedure has been used for designing optimal MTLCDs.
In the following sections, first the equation of motion of structure MTLCDs will be presented, next to illustrate the procedure of designing optimal MTLCDs, a ten-storey linear shear building frame subjected to white noise excitation, and for different values of TCLDs mass ratio optimal MTLCDs have been designed.
Structure-MTLCDs Equation of Motion
The equation of motion of a single degree of freedom shear building frame with linear behavior equipped with N tuned liquid column dampers in parallel configuration located at the top floor, as shown in Figure 2 , and subjected to an external force, f (t), can be written in the following form:
where M s , C s , and K s are structure mass, damping and stiffness, respectively. x s ,ẋ s , andẍ s are structure displacement, velocity, and acceleration vectors, respectively. Also ζ f i and ω di are the damping ratio and natural frequency of the ith TLCD. ρ = liquid density, L f i and A f i are total length of liquid in the container and cross-sectional area of tube. Also
where B f i is the horizontal portion of liquid in the ith TLCD container, respectively.
Designing Optimal MTLCDS
In this paper following the method proposed by Mohebbi et al. [18] for optimal design of multiple tuned mass dampers (MTMDs) for MDOF structures subjected to earthquake excitation, an effective method has been proposed for optimal design of MTLCDs on multidegree-of-freedom linear structures subjected to any desired excitation. In this method, for designing MTLCDs system, an optimization problem has been defined where the minimization of the maximum structure displacement (x max ) is considered as objective and the parameters of TLCDs such as mass, total length, and head loss as variables. The optimization problem in the case of using MTLCDs has a large number of variables as well as is sophisticated; hence using traditional optimization techniques such as gradient-based methods is considerably complicated. In this paper it has been decided to use a powerful algorithm to solve the problem where genetic algorithm (GA) has been utilized for solving the optimization problem.
Genetic Algorithms (GAs)
To solve the optimization problem iterations between optimizer that decides the next searching points and analyzer that determines the value of object function should be performed. In the traditional optimization method the domain is searched using the gradient of the objective function and the limitation of this method arises when the functions of objective function and the constraints of the optimization problem are not continuous, and it is not possible to calculate the gradient of the functions.
Genetic algorithm (GA) which has been developed by Holland [19] is a computational method and has proven to be suitable and successful direct searching algorithm for solving linear and/or nonlinear optimization problems where the derivatives of the objective function and/or constraints of the problem are not available or are hard to compute.
There are three genetic algorithm operators including selection, crossover and mutation. In every generation, a set of chromosomes is selected for mating based on their relative fitness. The fitters are given more chance of passing their genes into the next generation. This process of natural selection is operated by selection. The selected individuals are then chosen randomly through crossover to produce offspring, Crossover produces new individuals that have some parts of both parents genetic material.
The role of mutation operator is to help the GA to escape from local minima and to provide a guarantee that the probability of searching any given string will never be zero.
Real-Valued
Coding. In GAs chromosomes evolving under a certain environment are represented by bit strings or real-valued coding. In the early stages of string coding the variables were represented in binary format [20, 21] . Whilst binary-coded GAs appear to be more suitable when solving complex problems, they have some drawbacks in taking continuous problems, and it has been shown that for realvalued numerical optimization problems, real-valued coding representations offer certain advantages, such as simpler programming, less memory required, no need to convert chromosomes, and greater freedom to use different genetic operators, over binary versions [22, 23] .
The Objective and Fitness Function.
The objective function is used to provide a measure of how individuals have performed in the problem domain. In the case of a minimization problem, the fit individuals will have the lowest numerical value of the associated objective function.
One of the biggest problems for GAs is handling constraints of optimization problems. There are several studies of handling constrains in GAs. The simple method of handling constraints is a penalty term that is added to the objective function for the degree of violation of constraints. In the penalty method the objective function which has to be minimized is obtained by combining the objective function f and the constraints functions g i for n number of constraints, given by
where f = objective function, pc i = ith penalty coefficient, and g i = ith constraint violation.
Selection.
Selection is the process of determining the number of times or trials; a particular individual is chosen for reproduction and, thus, the number of offspring that an individual will produce. The selection procedure used by GA is based on the fitness of each individual. Different methods have been proposed for selection operator in binary or real value coding representations such as roulette wheel, rank and stochastic universal sampling (SUS) methods [24] . In this paper stochastic universal sampling method [24] is used for selection of the individuals for reproduction according to their fitness in the current population.
Crossover (Recombination).
The basic operator for producing new individuals in the GA is that of crossover. Like its counterpart in nature, crossover produces new individuals that have some parts of both parents' genetic material. For binary-coded GA, the crossover is carried out by swapping the individual contents at the crossover site. Details and several methods of this operation (such as one-point, multiplepoint, and uniform crossover) can be fined in references also for real-coded GA; several types of recombination such as intermediate, line, and uniform recombination have been proposed [21] . In this study intermediate recombination method [25] has been used for crossover.
Mutation.
The role of mutation is often seen as providing a guarantee that the probability of searching any given string will never be zero and acting as a safety net to recover good genetic materials that may be lost through the action of selection and crossover [20] . Many variations on the mutation have been proposed, including random, boundary, nonuniform mutation [21] .
Reinsertion.
To maintain the size of the original population, the new chromosomes have to be reinserted into the old population. An insertion rate, η, determines the number of newly produced chromosomes inserted in the old population. Also in this paper the elitist strategy has been used which allows some of the best chromosomes in the current population to go to the next generation without modification.
Numerical Example
In this paper, to assess the effectiveness of the proposed method in designing optimal MTLCDs as well as to evaluate the effect of different parameters of MTLCDs on its performance, a ten-storey shear frame with uniform properties for all stories has been modelled assuming linear material behavior for structure and TLCDs. The properties of each storey are as follows: m i = 360 tons, k i = 650 MN/m, and c i = 6.2 MN·s/m. The height of all stories has been considered 3 m, and the section parameters of columns are determined so that the assumed stiffness has been achieved. By assuming a specified value for the total mass ratio, μ, uniform distribution for TLCDs mass has been considered.
The structure has been subjected under a filtered white noise excitation, W(t), shown in Figure 3 by considering MTLCDs in parallel configuration located at the top of structure. To illustrate the proposed method for designing the optimal MTLCDs, five TLCDs with uniform mass distribution have been considered where the total mass ratio is μ = 2%. For solving the optimization problem, the following parameters have been considered for GA: number of individuals in each generation = 25, number of elites in each generation = 2, number of the newborns in each generation = 25, and mutation rate = 0.04.
The optimization problem has been solved using GA and to guarantee the accuracy of optimization procedure, different runs have been done in GA. Figure 4 shows the variation of the best fitness during 500 generations of GA for two runs. According to the result it can be said that different runs have ended with the same optimum answer but with different convergence speed. This result shows the convergence and simplicity behavior of the proposed method in designing optimal MTLCDs.
The uncontrolled structure and controlled structure with optimal MTLCDs have been subjected to white noise excitation, and the maximum displacements of controlled and uncontrolled structures have been shown in Figure 5 for different storeys. Based on the results shown in Figure 5 , it have been found that by using MLCDs when μ = 2% and N = 5, it is possible to have about 50% reduction in maximum displacement. To assess the effectiveness of optimal MTLCDs designed using W(t) as design excitation in mitigating the response of structure under other real earthquakes which are different in peak ground acceleration, and frequency content with design excitation, the uncontrolled and controlled structure have been tested under El-Centro (1940, PGA = 0.34 g) and Hachinohe (1968; PGA = 0.23 g) as Far-Field as well as Northridge (1994; PGA = 0.84 g) and Kobe (1995, 0.83 g) as Near-Field earthquakes. The maximum displacement of controlled structure has been shown in Figure 6 for different storeys under testing earthquakes.
Results show that using MTLCDs has led not only to decrease the maximum values of structure displacement but also the maximum displacement of all stories has been decreased. Also it has been found that the effectiveness of MTLCDs depends on the characteristics of earthquake, where in this case study, the best performance has been achieved under El-Centro (1940) excitation as a Far-Field record. Based on the results it could be said that in designing MLCDs for a special area, the design earthquake of that area should be used as design record.
Designing Optimal TLCDs for Different Mass Ratio.
Following the same procedure explained for μ = 2% and N = 5, for other values of MTLCDs mass ratio assuming uniform mass distribution for TLCDs, optimal MTLCDs has been designed when the structure subjected to W(t). The maximum displacement, drift, acceleration and displacement root mean square (RMS) of controlled frame has been divided to maximum uncontrolled response and shown in Figure 7 for different values of total mass ratio, μ. Results show that increasing the mass ratio has led to improving the performance of MTLCDs in reducing the maximum response of structure. Also it has been found that though minimizing the maximum displacement has been considered as objective in designing optimal MTLCDs, the maximum acceleration has been reduced, too.
Conclusions
In this paper optimal design of multiple tuned liquid column dampers (MTLCDs) and its effectiveness in mitigating the response of structures subjected to earthquake excitation have been studied. Designing MTLCDs has been based on minimizing the maximum displacement of structure where the parameters of MTLCDs have been determined through solving an optimization problem. Genetic algorithm (GA) has been used for solving the optimization problem to determine the parameters of MTLCDs. To assess the effectiveness of the method, a ten-storey linear shear frame subjected to a white noise excitation and optimal MTMDs has been designed for different values of MTLCDs total mass ratio values. According to the results of numerical simulations, the capability of the MTLCDs design method has been shown regarding the simplicity and convergence behavior of the method. Also it has been found that genetic algorithm (GA) has been a powerful tool in solving complex optimization problem of MTLCDs design with a large number of variables. Designing optimal MTLCDs for different mass ratios shows that MTLCDs could be effective in reducing the maximum response of the structure where its performance is affected by total mass ratio of MTLCDs. It has been found that increasing the total mass of MTLCDs has improved the performance of MTMDs in reducing the response of structure. Optimal MTLCDs have been tested under both Far-Field and Near-Field earthquakes which are different in frequency content and peak ground acceleration (PGA) with design excitation where the results show that MTLCDs efficiency under testing records depends on the characteristics of earthquakes.
